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Cubic phasebe used as DNA carriers and are regarded to be the most promising non-viral
gene carriers. For this investigation, six novel phosphatidylcholine (PC) cationic derivatives with various
hydrophobic moieties were synthesized and their transfection efﬁciencies for human umbilical artery
endothelial cells (HUAEC) were determined. Three compounds with relatively short, myristoleoyl or
myristelaidoyl 14:1 chains exhibited very high activity, exceeding by ∼10 times that of the reference cationic
derivative dioleoyl ethylPC (EDOPC). Noteworthy, cationic lipids with 14:1 hydrocarbon chains have not been
tested as DNA carriers in transfection assays previously. The other three lipids, which contained oleoyl 18:1
and longer chains, exhibited moderate to weak transfection activity. Transfection efﬁciency was found to
correlate strongly with the effect of the cationic lipids on the lamellar-to-inverted hexagonal, Lα→HII, phase
conversion in dipalmitoleoyl phosphatidylethanolamine dispersions (DPoPE). X-ray diffraction on binary
DPoPE/cationic lipid mixtures showed that the superior transfection agents eliminated the direct Lα→HII
phase transition and promoted formation of an inverted cubic phase between the Lα and HII phases. In
contrast, moderate and weak transfection agents retained the direct Lα→HII transition but shifted to higher
temperatures than that of pure DPoPE, and induced cubic phase formation at a later stage. On the basis of
current models of lipid membrane fusion, promotion of a cubic phase by the high-efﬁciency agents may be
considered as an indication that their high transfection activity results from enhanced lipoplex fusion with
cellular membranes. The distinct, well-expressed correlation established between transfection efﬁciency of a
cationic lipid and the way it modulates nonlamellar phase formation of a membrane lipid could be useful as a
criterion to assess the quality of lipid carriers and for rational design of new and superior nucleotide delivery
agents.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Efﬁcient delivery of genetic material to cells is needed for tasks of
utmost importance in the laboratory and the clinic, in particular, gene
transfection and gene silencing. Synthetic cationic lipids have many
advantages as DNA carriers and are themost widely used non-viral gene
carriers [1,2]. They readily form complexes (lipoplexes) with the
polyanionic DNA, protecting the nucleic acid until entry into the cell.
However, a critical obstacle for clinical applicationof lipid-mediatedDNA
delivery (lipofection) is its unsatisfactory efﬁciency for many cell types.
Currently, there are many lipoplex preparations available, and a
host of cationic lipids have been used in their formulation. The
primary approach to improving the transfection properties of cationic
lipids has been to synthesize cationic amphiphiles with new versions
of positively charged polar groups. Since the speciﬁc route of DNA
delivery by cationic lipid vectors is still mostly unknown, these efforts
have been largely empirical. While studies on cationic lipid mixturesenchov).
l rights reserved.with “helper” lipids and on lipids withmulticharged head groups have
highlighted the role of lipoplex surface charge density [3,4],
essentially no attention has been given to variations in the hydro-
phobic portion of the molecule, which seems to have been
unfortunate in view of our recent investigations suggesting that the
non-polar portions may be critical for the effectiveness of these
transfection agents and hence should be given attention similar to that
given the charged groups [5,6]. These ﬁndings suggest a new approach
for enhancing gene (and probably drug) delivery, based on identifying
the optimal hydrophobicity of cationic lipid derivatives and their
combinations that results in markedly enhanced transfection activity.
The present study is focused on a particularly attractive cationic
lipid class, O-substituted phosphatidylcholine (PC) derivatives, in
which the phosphate oxygen of phosphocholine is substituted
(generating a triester), thus converting the head group zwitterion to
a cation. These lipids are especially attractive because they are slowly
metabolized and have remarkably low toxicities [7,8]. We present here
the transfection activities for primary human umbilical artery
endothelial cells (HUAEC) of six new O-substituted PC derivatives,
with various hydrophobic moieties (Fig. 1). Our previous research
Fig. 1. Cationic lipid structures.
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∼30 carbon atoms per molecule in their hydrocarbon chains are
superior transfection agents (e.g.,[5]) and the lipids explored here are
basically variations around this overall chain length. A number of
combinations of these new cationic lipid derivatives with our original
molecule of this class, dioleoyl ethylphosphatidylcholine (EDOPC),
were also examined.
Here we describe ﬁndings that lipoplexes made of cationic PC
derivatives with shorter 14:1 chains exhibit very high transfection
activity exceeding by ∼10 and more times that of cationic phospho-
lipids containing 18:1 and longer chains. This ﬁnding emphasizes the
important role of the hydrocarbon moieties in lipofection and also
raises critical questions about the origin of this effect. Intracellular
DNA delivery requires lipoplex internalization and fusionwith cellular
membranes. It is thus clearly of importance how cationic lipids
interact with the membrane lipids. In assessing these interactions,
primary attention has been given to interactions with anionic
membrane lipids, based on the premise that charge neutralization is
an essential factor for DNA release [9,10]. However, recent studies on
cationic lipid mixtures with membrane-mimicking lipid compositions
suggest that the tendency of lipid bilayers to form nonlamellar phases
is another important modulator of DNA delivery [11,12]. In order to
gain further insight into the mechanisms which control transfection
activity, here we applied an alternative approach and used X-ray
diffraction to characterize cationic lipid interactions with the
phospholipid dipalmitoleoyl phosphatidylethanolamine (DPoPE).
The latter lipid was used to represent the most abundant class of
nonlamellar-forming membrane lipids, namely, the zwitterionic
phosphatidylethanolamines (PEs), which are believed to be involved
in lipidic fusion events. The X-ray results revealed a remarkable
relationship — the transfection activity of the cationic lipid carriers
closely correlated with the way they modulated the lamellar-inverted
hexagonal (Lα–HII) phase transition pattern of DPoPE. Lipids with high
transfection efﬁciency were found to suppress HII phase formation in
DPoPE and promote an inverted cubic phase between the Lα and HII
phases.
2. Materials and methods
2.1. Materials
The cationic lipids, dioleoyl ethylphosphatidylcholine (EDOPC),
dimyristoleoyl ethylphosphatidylcholine (diC14:1c-EPC), dimyriste-laidoyl ethylphosphatidylcholine (diC14:1t-EPC) were synthesized as
triﬂate salts in house using previously described procedures [8].
Another four cationic lipids, C14:1C2:0-C14:1PC, C18:1C2:0-C12:0PC,
C18:1C4:0-C10:0PC and C10:0C24:1-EPC (triﬂate salts) were custom
synthesized by Avanti Polar Lipids, Inc (Alabaster, AL). The newly
synthesized compounds are shown in Fig. 1. DPoPE (dipalmitoleoyl-
phosphatidylethanolamine) was from Avanti Polar Lipids. All lipids
were checked for purity by mass spectroscopy and TLC and found to
contain no detectable impurities. Dilauroyl, dimirystoyl, dipalmitoyl
and distearoyl ethyl PCs (chloride salts) used in control measurements
were from Avanti Polar Lipids. Herring sperm DNAwas obtained from
Invitrogen Corporation (Carlsbad, CA). CMV-β-galactosidase plasmid
was purchased from Clontech Laboratories Inc. (Palo Alto, CA) and
propagated and puriﬁed by Bayou Biolabs (Harahan, LA). HBSS (HEPES
buffered saline solution) and Opti-MEMwere obtained from Cambrex
(Walkersville, MD) and Invitrogen, respectively.
2.2. Cell culture
Human umbilical artery endothelial cells (HUAECs) were obtained
from Cambrex (Walkersville, MD) and maintained in EGM-2 MV
containing 5% fetal bovine serum (FBS) (Cambrex) at 37 °C with 5%
CO2. At conﬂuence, the cells were passaged using 0.25 mg/ml Trypsin/
EDTA (Cambrex) and were used at passages 5–10 for these
experiments.
2.3. Transfection
The cells were seeded in 96-well plates at 24 h before transfection
at densities appropriate to give about 80% conﬂuence at the time of
transfection. Chloroform solutions of cationic lipids were mixed in
glass vials at the desired ratios, after which the chloroform was
removed under an Argon or N2 stream. The vials were placed under
high vacuum for several hours to remove the last traces of solvent. The
lipid mixtures were hydrated in HBSS at 1 mg/ml to form liposomes.
Liposomes and plasmid DNAwere each diluted in OptiMEM to 160 μg/
ml for lipid and to 40 μg/ml for DNA, and liposomes were pipetted into
an equal volume of plasmid DNA solution at a 4:1 weight ratio and
mixed gently. The resultant plasmid–lipid complexes were incubated
at room temperature for 15 min, after which 50 μl/well were added to
cells that were either in medium lacking serum or in medium
containing serum. Two hours after their addition, the lipoplexes were
removed and fresh medium containing serum was added. Cells were
Fig. 2. Transfection efﬁciencies of cationic lipid mixtures with EDOPC (see Materials and methods for details).
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Table 1
Lamellar (Lα) repeat period and DNA spacings [nm] of the cationic lipid/herring sperm
DNA lipoplexes along with their transfection activity
Cationic lipids Transfection,
arbitrary units
(no serum; Fig. 2)
Lα
(20 °C)
Lα
(80 °C)
DNA
(20 °C)
DNA
(80 °C)
di1C4:1c-EPC 12.0 5.98 5.73 ∼2.99a 3.22
diC14:1t-EPC 12.0 6.00 5.72 ∼3.00a 3.27
C14:1C2-C14:1PC 9.5 5.55 5.26 3.19 3.34
C18:1C2-C12PC 0.3 5.81 5.47 3.12 3.32
C18:1C4-C10PC 2.0 5.67 5.37 3.21 3.35
C10C24:1-EPC 0.0 6.40 5.96 −b 3.23
a Merged with 2nd order lamellar reﬂection at 20 °C.
b Broad DNA reﬂection that cannot be identiﬁed at 20 °C.
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microplate ﬂuorometric assay. Brieﬂy, the latter procedure was as
follows: Subsequent to aspiration of the medium from each well, the
cells were washed once with PBS and then lysed by addition of 100 μl
lysis buffer (0.03% Triton X-100 in 100 mM HEPES, 8 mM MgSO4, pH
7.8). Ten μl of 100 μMFDG (ﬂuorescein di-β-D-galactopyranoside) were
added into each well and the ﬂuorescence that had developed at 20 h
was measured with a microplate ﬂuorimeter (Model 7620, Cambridge
Technology Inc.).
2.4. X-ray sample preparation
DPoPE and cationic lipid were co-dissolved in chloroform, the
chloroform removed with a stream of argon, and the mixtures were
subjected to high vacuum for 24–36 h. Lipid dispersions were
prepared by hydrating and vortexing at room temperature, followed
by 5 freeze–thaw cycles between dry ice and room temperature, all
accompanied by vortexing during the thawing steps. Measurements
were carried out on dispersions with lipid contents of 10% (w/v) for
the DPoPE/cationic lipid mixtures and 40% (w/v) for pure cationic
lipids. The dispersion medium used was Dulbecco's Phosphate-
Buffered Saline (PBS, Gibco; pH 7.2). Lipoplexes were prepared by
dispersing cationic lipids in aqueous herring sperm DNA solution at
lipid/DNA charge ratio of 1.1:1. The dispersions were stored at 4 °C,
typically for ∼1 day, and equilibrated at room temperature for several
hours prior to the X-ray measurements. The samples were vortexed
again, loaded into X-ray capillaries and ﬂame sealed before their
measurement. Temperature protocols were executed directly on
samples mounted on the beam line, and it was possible to follow in
real time the phase conversions taking place in these dispersions. We
typically used scan rates of 2–3 °C/min in heating and 5 °C/min in
cooling direction in order to reduce the exposures of the samples to
elevated temperatures and to minimize eventual formation of lipid
degradation products. Lipids extracted from the hydrated samples
after the measurements were found to give single TLC spots, identical
to those for lipids extracted from unused dispersions. It is thus clear
that the temperature protocols used did not result in lipid damage. At
heating rates of 2–3 °C/min the phase transition temperatures
recorded may be somewhat higher than the equilibrium transition
midpoints, which may only be obtained by using very low, quasistatic
scan rates. This circumstance, however, does not affect in any
substantive way the conclusions derived from the X-ray data because
we used identical temperature protocols to compare the behavior of
the mixtures studied.
2.5. X-ray measurements
Low-angle X-ray diffraction patterns were recorded at stations
5IDD, DND-CAT and 18D, BioCAT, APS, Argonne, using 2-D 2048×2048
MAR detectors at a sample-to-detector distance of ∼200 cm. Spacings
were determined from axially integrated 2-D images using the Fit2D
program [13] and silver behenate as a calibration standard (d-spacing
5.838 nm; [14]). Raw data are presented and no smoothing and
background subtraction procedures have been applied. A tempera-
ture-controlled (Linkam thermal stage) capillary sample holder was
used. All measurements were started at 20 °C. The exposure times
used for collection of X-ray diffraction patterns were in the range of
0.7–1 s. Usually ∼20 X-ray patterns were recorded to monitor the
phase conversions in heating direction and a total of ∼40 patterns
were collected for the entire experiment. In this way, the irradiation
times during the heating scan were typically limited to 15–20 s and
overall irradiation timeswere typically limited to 30–40 s. These times
were several times shorter than the exposures of fewminutes needed
to cause observable radiation damage in lipid dispersions under our
experimental conditions. As noted above, no degradation products
were detected by TLC in lipids extracted from the dispersions after theexperiments. Nevertheless, it should be recognized that these TLC
tests are not entirely adequate to detect local radiation damage,
because, with a beam cross-section of ∼150×150 μm, the irradiated
dispersion volume usually represented less than 1% of the total sample
volume in the capillary. Since the sample holder was mounted on a
remotely controlled motorized stage, by moving the stage with
respect to the incident X-ray beam it was possible to compare X-ray
patterns recorded from irradiated and several non-irradiated parts of
the same sample. Such comparisons were made throughout the
experiments and they revealed no systematic differences between
irradiated and non-irradiated sample portions within the exposure
time limits described above. On the basis of these tests we conclude
that the results reported here were not inﬂuenced by radiation
damage of the lipid.
3. Results
3.1. Cationic lipid transfection efﬁciency
Transfection data for the 6 newly synthesized cationic lipids and
their mixtures with EDOPC were obtained with cultures of HUAEC, as
described in Materials and methods. In order to compare different
lipid compositions, EDOPC was used as reference and the results were
normalized in units of pure EDOPC transfection efﬁciency in medium
lacking serum. The normalized data in Fig. 2 show that the efﬁciency
of three lipids with two 14:1 chains exceeds by about 10 times that of
EDOPC (Fig. 2A, B and C). Cationic lipids with one longer chain
displayed moderate activity, comparable to that of EDOPC (Fig. 2D and
E for lipids with one 18:1 chain) or weak, barely detectable activity in
the case of a longer-chain compound (Fig. 2F) . The presence of serum
in the medium decreased the transfection for all lipids, although
activity remained very high for the lipids with 14:1 chains, their
activity being much less inhibited by serum than that of EDOPC. As we
have shown previously [7], the transfection efﬁciency of the O-
substituted PC derivatives does not beneﬁt from the presence of
helper lipids. We used here lipoplexes made of pure cationic lipids,
eliminating in this way surface charge dilution effects caused by the
addition of neutral helper lipids. The data thus obtained clearly show
that the three compounds with 14-carbon chains are superior
transfection agents and that the position of the chain and the
stereochemistry of the double bond are irrelevant to their activity.
3.2. Phase behavior of cationic lipid dispersions. Lipoplex formation
In the absence of electrolytes, diluted dispersions of cationic lipids
typically form disordered phases, most likely composed of single,
unbound lipid bilayers. A restricted volume effect at high lipid
concentrations (above 30–40 w%) as well as surface charge screening
at high electrolyte concentrations result in formation of ordered, in
most cases, lamellar phases, although nonlamellar phases such as the
inverted hexagonal phase and cubic phases may also form with some
Fig. 5. Lα–HII phase transition at 42 °C in 10% (w/v) DPoPE dispersions in PBS, pH 7.2.
Scan rate 2 °C/min.
Fig. 3. Lamellar phases of lipoplexes at 20 °C, prepared with herring sperm DNA and; a)
diC14:1c-EPC; b) diC14:1t-EPC; c) C14:1C2-C14:1PC; d) C18:1C2-C12PC; e) C18:1C4-
C10PC; f) C10C24:1-EPC.
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lipids usually, although not necessarily, form tight lamellar phases
with sets of parallel DNA rods intercalated between the bilayers and
spaced at a distance of ∼3 nm in isoelectric samples. Our X-ray
measurements on lipoplexes with herring sperm DNA failed to reveal
correlations between transfection activity and structural parameters
of the lipoplexes (Table 1). The well-correlated lamellar lipoplex
structures that we consistently observed are illustrated by the X-ray
patterns in Fig. 3. The lamellar phases persisted to rather high
temperatures, as shown in Fig. 4, which depicts the typical evolution
with temperature of the lipoplex structure.
3.3. Phase behavior of DPoPE/cationic lipid mixtures
For reasons stated in the Introduction, the main purpose of the X-
ray study presented here was to characterize the effect that 6 novel
cationic lipid compounds have on the properties of the lamellar–
nonlamellar transformations in membrane lipids. We used a DPoPE
dispersion as a model system because of its experimentally con-
venient and easily accessible lamellar liquid crystalline — inverted
hexagonal (Lα–HII) phase transition at 42 °C (Fig. 5). Examination of
mixtures with cationic lipid molar fractions varying over the range 0–
0.30, revealed that, at physiological electrolyte concentrations, the
cationic lipid effects are optimally displayed at molar fractions of 0.10–
0.15. Cationic lipid fractions higher than ∼0.20 bring about complete
disordering of the DPoPE lamellar phase. We thus chose a DPoPE/
cationic lipid molar ratio of 85:15 to compare the effects of the 6 novelFig. 4. C14:1C2-C14:1PC lipoplexes at different temperatures, prepared with herring
sperm DNA. The DNA spacing increases from 3.19 nm at 20 °C to 3.24 nm at 80 °C. The
lamellar phase spacing decreases from 5.42 nm at 20 °C to 5.26 nm at 80 °C.cationic lipid compounds. Overviews of the results are shown in Fig. 6.
The diffraction patterns shown were recorded at every minute during
identical temperature protocols for all 6 mixtures with heating and
cooling rates of 3 and 5 °C/min, respectively. All cationic lipids induced
similar upward shifts, by ∼15–20 °C, of the upper boundary of the Lα
existence range. However, their effects on the HII phase differed
profoundly. Based on their effects, the 6 cationic lipids studied here
divide into two distinct groups. One group, that of the 3 lipids with
14:1 chains, eliminated the direct Lα–HII phase transition and
promoted formation of an inverted cubic phase of Pn3m type between
the Lα and HII phases. The HII phase existence range was shifted to
high temperatures, where small amounts of HII formed and vanished
immediately upon cooling (Fig. 6, A–C). The other group, consisting of
the 3 lipids containing 18:1 or 24:1 chains, retained a direct Lα–HII
phase transition, taking place at temperatures by ∼15–20 °C higher
relative to that of pure DPoPE (Fig. 6, D–E). The latter 3 lipids also
induced cubic phase formation, but the cubic phase appeared after the
Lα–HII phase transitions had already taken place. All 6 mixtures
displayed irreversible phase sequences. Once formed, the cubic phases
persisted upon cooling and fully replaced the initial lamellar phase
upon cooling the dispersions to room temperature. Formation of
supercooled, long-lived inverted cubic phases replacing the initial
lamellar phase upon cooling is rather typical for membrane lipids able
to form inverted cubic phase at temperatures between the Lα and HII
phases [15,16].
In order to evaluate additionally the role of chain length and
unsaturation, we used X-ray diffraction to study also a series of DPoPE
mixtures with saturated cationic PC derivatives, including dilauroyl,
dimirystoyl, dipalmitoyl and distearoyl ethyl PCs (data not shown).
With increase of cationic lipid chain length, these mixtures displayed
an evolution in their phase behavior generally consistent with the
behavior of the 6mixtures shown in Fig. 6 and described above. Short-
chain lipids with lauroyl and myristoyl chains similarly strongly
suppressed the HII phase and induced formation of intermediate cubic
phases, whereas longer-chain lipids preserved an Lα–HII phase
transition shifted to higher temperatures. It thus appears that chain
unsaturation is of less signiﬁcance than chain length for the cationic
lipid effects on DOPE described here.
4. Discussion
4.1. Effect of cationic lipid chain length on transfection
The results presented here demonstrate the important role that
the hydrocarbon chain structure of cationic PC derivatives plays in the
process of transfection. Improving transfection efﬁciency has been a
Fig. 6. Lamellar–nonlamellar phase transformations in DPoPE/cationic lipid 85:15 mixtures. Diffraction patterns were recorded every minute during heating and cooling scans at 3
and 5 °C/min, respectively. The cubic phases formed persist in cooling and fully replace the initial Lα phase in all 6 mixtures (panels A–E). The disappearance of the HII phase in cooling
direction is typically accompanied by kinks in the cubic phase spacings, e.g., panels (E) and (F). (A) DPoPE/di14:1c-EPC mixture. Lα disordering at ∼56 °C is followed by Pn3m cubic
phase growth. A trace amount of HII appears at temperatures close to 90 °C and vanishes immediately on cooling. (B) DPoPE/di14:1t-EPC mixture. Lα disordering at ∼62 °C is followed
by Pn3m/Im3m cubic phase growth. A small amount of HII appears at high temperature and vanishes immediately on cooling. (C) DPoPE/14:1C2-C14:1PC mixture. Lα disordering at
∼62 °C is followed by Pn3m cubic phase growth. A small amount of HII appears almost simultaneouslywith the cubic phase and vanishes immediately on cooling. (D) DPoPE/C18:1C2-
C12PCmixture. An Lα–HII transition at ∼65 °C is followed by Pn3m cubic phase formation. The HII phase persists over a small temperature range on cooling. (E) DPoPE/C18:1C4-C10PC
mixture. An Lα–HII transition at ∼59 °C is followed by Pn3m cubic phase formation. The HII phase persists over a small temperature range on cooling. (F) DPoPE/C10C24:1-EPC
mixture. An Lα–HII transition at ∼59 °C is followed at higher temperature by Pn3m cubic phase formation. The HII phase persists over a broader temperature range on cooling in
comparison to panels D and E.
2410 B.G. Tenchov et al. / Biochimica et Biophysica Acta 1778 (2008) 2405–2412major driving force in numerous studies on cationic lipid carriers and
a long list of lipoplex properties, such as surface charge density,
particle size and morphology, lipoplex ﬂuidity, molecular shape, head
group structure, presence of helper lipids, composition of cationic
lipid mixtures, have been taken into consideration as modulators of
the efﬁciency of DNAdelivery [3–5,17–19]. In the present study, we did
not vary the molar percentage of cationic lipids (100% in transfection
experiments and 15% in the X-ray study of DPoPE/cationic lipid
mixtures), effectively eliminating in this way effects due to surface
charge variation and highlighting the role of the lipid hydrophobic
moiety.
We found that the transfection activities of the 6 compounds
investigated displayed a strong, systematic dependence on the chain
length, with compounds having 14:1 chains being an order of
magnitude more effective than longer-chain compounds with 18:1
or 24:1 chains. According to their transfection efﬁciency, these 6
compounds divide into two distinct groups of 3 lipids each that aredifferentiated on basis of their hydrocarbon chain length. This
fortunate circumstance provided the opportunity to investigate in
more depth the mechanism responsible for the modulation of their
transfection efﬁciency, in particular, from the viewpoint of their
effects on the formation of nonlamellar phases in membrane lipids,
and to establish a clearly expressed correlation between transfection
efﬁciency and propensity of nonlamellar phase formation in cationic
lipid mixtures with a membrane lipid.
The choice of HUAEC cultures for transfection experiments was
inﬂuenced by the fact that vascular endothelial cells are of consider-
able interest as a gene therapy target. They act as an interface between
circulating blood and various tissues and organs of the body, and are
known to be involved in inﬂammatory processes, in the pathogenesis
of atherosclerosis, as well as angiogenesis. Even though endothelial
cells are readily accessible, their gene therapy with non-viral vectors
has been seriously hampered because these cells are very difﬁcult to
transfect [20]. Thus, the present results, which show high transfection
2411B.G. Tenchov et al. / Biochimica et Biophysica Acta 1778 (2008) 2405–2412of HUAEC cultures by several novel cationic PC carriers with 14:1
chains (Fig. 2, A–C) might be of considerable interest.
4.2. Correlation between transfection activity and propensity for inverted
cubic phase formation
Despite efforts by many laboratories, transfection by lipoplexes
remains poorly understood and the search for new lipid carriers of
superior activity has thus been largely empirical. A viewpoint
currently being investigated is that the structural evolution of
lipoplexes upon interacting and mixing with cellular lipids, particu-
larly when these processes lead to the formation of nonlamellar
domains, is a critical factor in lipid-mediated transfection [11,21–23].
Evidence in support of this view has been accumulated in studies of
cationic lipid mixtures with multi-component membrane-mimicking
lipid compositions and with polar and total lipid extracts [11,12].
However, the phosphatidylethanolamines (PEs), which are an abun-
dant membrane phospholipid class second only to the PCs, are of
particular interest in this respect because the PEs represent the major
nonbilayer-forming lipid class in biomembranes. These compounds
typically exhibit a lamellar — inverted hexagonal (Lα–HII) phase
transition amenable to studies by small-angle X-ray diffraction. We
examined here the effect of the newly synthesized cationic phospho-
lipids on the phase behavior of DPoPE dispersions, which display an
Lα–HII transition at 42 °C (Fig. 5). This model system is simpler and its
behavior easier to interpret in comparison to the previously studied
complex mixtures. The X-ray results revealed a remarkable relation-
ship between the transfection activity of the cationic lipid carriers and
the way they modulated the Lα–HII phase transition pattern of DPoPE.
The good transfection agents promoted the appearance of an
intermediate inverted cubic phase between the Lα and HII phases at
the expense of the strongly suppressed HII phase (Fig. 6, A–C), whereas
the weak transfection agents retained the direct Lα–HII transition and
induced cubic phase formation only at a later stage (Fig. 6, D–E). The
HII phase diffraction intensity and temperature of appearance
illustrate the extent of HII phase suppression by the high-efﬁciency
agents and distinguish clearly the two kinds of strong and weak
transfection agents (Fig. 7 A and B).
The observed phase behavior of binary DPoPE/cationic lipid
mixtures is consistent, in general, with the chain length effectsFig. 7. (A) Diffraction intensity and temperature ranges of existence of the HII phase in DPo
intensity of the initial lamellar phases of the mixtures. (B) Transfection activities of the cat
serum-free medium).established for a large number of other lipid systems displaying
lamellar–nonlamellar phase transformations. The most prominent
examples appear to be the series of saturated diacyl and dialkyl PEs
[24,25], PC/fatty acid mixtures [26] and glycolipids [27] with chain
lengths varying in the range 12–18 carbon atoms. In all of the latter
systems, a chain length decrease results in systematic upward shifts of
the HII phase transition temperature and in an insertion of
intermediate cubic phases in the cases of compounds with chain
lengths of 12–14 carbon atoms.
While the present results demonstrate increased propensity for
cubic phase formation in cationic lipid mixtures with the zwitterionic
DPoPE, it is important to note that cationic lipid mixtures with anionic
lipids also readily form inverted nonlamellar phases, including the
inverted hexagonal and cubic phases, even though the pure
components only form lamellar phases [33,34]. It is thus appears
that there are at least two different pathways of inverted cubic phase
promotion in membrane lipids upon mixing with cationic lipids. It
would be of interest to ﬁnd out whether the propensity for cubic
phase formation in cationic/anionic lipidmixtures also correlates with
the transfection activity of the cationic compounds.
The basic steps of lipid-assisted transfection include adsorption
and endocytosis of the lipoplexes, with subsequent DNA release and
migration to the nucleus [28–30]. DNA unbinding from the lipoplexes
is considered to be a result of charge neutralization upon mixing with
anionic cellular lipids [7,9,10]. Indeed, mixing of lipoplex lipids with
cellular lipids was observed a number of years ago and interpreted as
fusion [31]. According to current models, fusion between lipid
membranes proceeds via intermediate structures closely resembling
the building elements of the inverted bicontinuous cubic phases [32].
On this basis, the correlation of transfection efﬁciency with propensity
for cubic phase formation could stem from the speciﬁc mechanism of
the lipoplex-membrane fusion andmay be considered as an indication
that high transfection rates result from enhanced fusogenicity of the
lipoplexes formed by the high-efﬁciency cationic lipids.
Criteria for assessing the transfection efﬁcacy of potential lipid
carriers would certainly be a useful contribution to progress in gene
therapy. The simple and distinct correlation estblished here between
transfection efﬁciency and theway cationic lipid carriersmodulate the
lamellar-to-inverted hexagonal phase transition pattern of phospha-
tidylethanolamine dispersions may constitute a criterion for accessingPE/cationic lipid mixtures. The intensity of the HII (100) reﬂection is normalized to the
ionic lipid compounds studied here (in units of pure EDOPC transfection efﬁciency in
2412 B.G. Tenchov et al. / Biochimica et Biophysica Acta 1778 (2008) 2405–2412the quality of the lipid carriers and for rational design of new, superior
nucleotide delivery agents.
5. Conclusions
1. Examination of the transfection efﬁciency of six novel phosphati-
dylcholine (PC) cationic derivatives showed that compounds with
myristoleoyl and myristelaidoyl 14:1 chains, which have not been
tested before as DNA carriers, exhibited very high activity,
exceeding by ∼10 times that of the reference compound EDOPC,
while lipids containing 18:1 and 24:1 chains displayed moderate to
weak activity (Fig. 2).
2. The cationic lipid effects on the Lα–HII phase transition in DPoPE
dispersion correlate very well with their transfection efﬁciency.
3. Highly efﬁcient cationic lipidswith 14:1 chains promote formation of
an intermediate inverted cubic phase between the Lα and HII phases
at the expense of a strongly suppressed HII phase (Figs. 6 A–C, 7).
4. Moderate andweak cationic transfection agents with 18:1 and 24:1
chains retain a direct, two-state Lα–HII phase transition. The HII
formation is later followed by cubic phase growth (Figs. 6 D–E, 7).
5. The distinct, well-expressed correlation between transfection
activity and propensity for inverted cubic phase formation may
be considered as an indication that high transfection rates are due
to enhanced fusogenicity of the lipoplexes. This correlation could
be useful as a criterion to assess the quality of lipid carriers.
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